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The filamentous bacteriophage cf infects the bacterium Xanthomonas campestris pv. citri. Northern blot analysis with
probes derived from various restriction fragments of cf replicative form (RF) DNA has revealed the presence of five major
phage-specific transcripts in infected cells. Four of these transcripts were shown to be derived from the region of the cf
genome extending from gene II to gene VIII and are consistent with the cascade model of transcription proposed for Ff
coliphages. These transcripts overlap with each other and terminate upstream of an efficient Rho-independent transcription
terminator. Unlike the well-characterized Ff phages, in which only the minus strand of viral DNA serves as a transcription
template, both strands of the RF DNA of phage cf appeared to be transcribed. Thus one of the five major cf transcripts was
shown to be derived from a region of the viral minus strand that contains an open reading frame encoding a putative
polypeptide of 165 amino acids. Primer extension analysis mapped the transcriptional initiation site of this RNA to a cytosine
residue at position 870. A partial transcription map of phage cf revealed two independent regions of transcriptional activity.
The region with the highest activity coincides with that encoding the polypeptides required in the largest amounts during the
cf infection cycle. © 1999 Academic Press
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The filamentous phage cf was isolated from Xan-
homonas campestris pv. citri, the bacterium responsible
or citrus canker. It possesses a circular, single-stranded
NA genome of 7.3 kb; replicates through a replicative
orm (RF) intermediate; and manifests a nonlytic life cycle
Kuo et al., 1994). In terms of these properties, cf is
imilar to other filamentous phages, including the Ff
hages of Escherichia coli and the Pfs phage of Pseudo-
onas aeruginosa (Model and Russel, 1988). However,
nlike other filamentous bacteriophages, phage cf un-
ergoes an integration cycle (Kuo et al., 1987a). Through
ite-specific recombination, RF DNA of phage cf inte-
rates into the host chromosome, allowing the formation
f a stable lysogenic state (Fann et al., 1989; Kuo et al.,
987b; Shieh et al., 1995).
The single-stranded DNA genomes of the Ff filamen-
ous bacteriophages constitute 6.4 kb and encode 10
enes (Beck and Zink, 1981), all of which are transcribed
n the same direction from the plus strand of phage RF
NA. The 10 genes are arranged efficiently in three
unctional groups: replication (genes II, X, and V), capsid
genes VII, IX, VIII, III, and VI), and morphogenesis (genes
and IV) (Model and Russel, 1988). Their transcription is
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228nitiated in two independent regions that are separated
rom each other by a strong terminator at one site and an
ntergenic space at the other (Blumer and Steege, 1989;
ashman and Webster 1979; Cashman et al., 1980). Al-
hough the unit composed of genes II, X, V, VII, IX, and VIII
xhibits a high level of transcriptional activity, transcrip-
ion from that containing genes III, VI, I, and IV is much
ess active. The active transcriptional region contains
everal promoters but only one effective terminator,
hich is located downstream of gene VIII (Cashman et
l., 1980).
The DNA sequence of the cf genome has been deter-
ined (Kuo et al., 1991). It consists of 7308 bp and thus
s almost 1 kb larger than those of the Ff phages. Open
eading frame analysis indicates the presence of at least
0 putative genes. We previously determined the loca-
ions of eight cf genes (II, X, V, VII, IX, VIII, III, and VI), and
he products of genes II, III, V, and VIII have been well
haracterized (Chen et al., 1996; Shieh et al., 1995; Yang
t al., 1995). The arrangement of these genes is similar to
hat of the genes of Ff phages; however, no sequence
omology is apparent between the genomes of the Ff
nd cf phages at either the DNA or amino acid levels.
We investigated the transcription of phage genes after
nfection of Xanthomonas with cf. Phage mRNAs were
etected by Northern blot analysis, and the 59 ends of
hese transcripts were identified by primer extension.
ur data indicate the existence of two independent re-
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229TRANSCRIPTION OF cf DNA FROM PLUS AND MINUS STRANDSions of transcription in the cf genome: one showing a
igh level of transcriptional activity and encompassing
enes II, V, and VIII, and one less active containing
enes III, I, and VI. A partial genomic map including a
entral transcription terminator is proposed.
RESULTS
dentification of major cf RNAs
Northern blot analysis with 32P-labeled cf DNA probes
etected five major phage-specific transcripts, ranging in
ize from 0.4 to 2.3 kb, in cf-infected bacteria (Fig. 1). The
f genome integrates into the host chromosome after 8 h
f infection, and infected cells release phage particles
fter 12 h (Kuo et al., 1994). The major cf RNA species
ere first apparent after 4 h of infection; their amounts
ere maximal at 8 h and then began to decrease grad-
ally.
To determine the locations of the major transcripts
ithin the cf genome, we divided cf RF DNA into 10
egions for the synthesis of probes for Northern blot
nalysis (Fig. 2). Blot analysis with these probes revealed
hat the major RNA species are encoded by the region
panning the PstI site at position 0 (7308) bp to the BglI
ite at position 3065 bp (Fig. 2). This region contains
hree genes, II, V, and VIII, whose products are synthe-
ized in large amounts (Cashman et al., 1980; Edens et
l., 1978). Four of the RNA species are encoded by the
egion of the cf genome extending from the KpnI site at
osition 615 bp to the BglI site at 3065 bp, indicating that
hey overlap at their 39 termini. Such overlap also occurs
FIG. 1. Time course of changes in the abundance of cf RNAs during
nfection. Total RNA (20 mg) isolated from cf-infected or noninfected
ost cells was subjected to Northern blot analysis with 32P-labeled cf
F DNA probes as described in Materials and Methods. The DNA
robes were synthesized with six random oligomers as primers and the
.3-kb cf RF DNA as template. Lane 1 indicates RNA isolated from
ninfected host cells; lanes 2–7, RNA isolated from cells infected for 1,
, 4, 8, 12, and 16 h, respectively. The positions of molecular size
tandards (in kb) are indicated on the left, and those of the five major
hage transcripts (a–e) are shown on the right.n filamentous phage f1 (Blumer and Steege, 1989; Cash- Nan et al., 1980; Cashman and Webster 1979). The RNA
pecies labeled “e” is alone transcribed from the PstI–
coI region that is upstream of gene II. Compared with
he region upstream of gene II in phage f1, which is
ntergenic, the region encoding RNA e is transcribed at a
igher efficiency, suggesting that the corresponding
ene is specific for cf.
idirectional transcription
Analysis of the DNA sequence of the PstI–NcoI frag-
ent revealed an open reading frame of 495 bp (ORF
65) on the minus strand (Kuo et al., 1994). To determine
rom which strand RNA e is transcribed, we performed
orthern blot analysis with riboprobes synthesized in
itro (Masukata and Tomizawa, 1986) from pB-cf PPm,
hich is a pBluescript construct containing the PstI–PmlI
ragment of cf DNA (Fig. 3C). The T3 run-off RNA probes,
hich detect RNAs derived from the plus strand of RF
NA, hybridized to a 0.4-kb transcript in cf-infected Xan-
homonas cells (Fig. 3A). The T7 run-off RNA probes,
hich detect RNAs transcribed from the minus strand of
f RF DNA, hybridized to a 0.5-kb transcript produced by
f-infected cells (Fig. 3B). Thus the PstI–NcoI fragment is
ranscribed from both plus and minus strands to produce
wo different transcripts.
etermination of the 59 ends of cf transcripts
The sites of transcription initiation for cf transcripts
ere determined by primer extension analysis. A distinct
ranscription initiation site for the 0.4-kb RNA was iden-
ified with the primer 59-CCGCGACGTGTAAGAGCA-39 as
FIG. 2. Northern blot analysis of cf transcripts with specific cf DNA
robes. (Top) Total RNA from uninfected host cells (lanes 1) or from
ells infected with cf for 4 h (lanes 2) was subjected to Northern blot
nlysis with cf DNA probes A–J as indicated. Transcripts (a–e) hybrid-
zing with each probe are indicated on the right of each pair of lanes.
Bottom) RF DNA of phage cf was digested by the indicated restriction
nzymes to provide the 10 probes (A–J) used for Northern analysis.
umbers in parentheses indicate positions (in bp) within the genome.
G
t
r
t
s
c
i
s
t
t
(
c
r
r
t
a
o
T
i
t
m
m
s
1
N
t
p
0
r
d
D
e
r
1
a
e
C
s
i
g
a
l
d
s
230 WANG ET AL.786. Mapping of the 59 end of the 0.5-kb RNA with
he primer 59-TGACAGAGAGGACAGTGAAAACTATA-39
evealed a start site at C870 (Fig. 4B). The two transcripts
hus overlap at their 59 termini (Fig. 5). The transcription
tart sites of the other major transcripts are also indi-
ated in Fig. 5 (data not shown). More than one apparent
nitiation site was detected for four transcripts; the ab-
ence of a conserved region for RNA polymerase initia-
ion at some of these putative start sites suggests that
he transcripts are the products of RNA processing
Table 1).
DISCUSSION
Analysis of the transcription pattern of phage cf in X.
ampestris pv. citri by Northern blot hybridization has
evealed the existence of at least five cf-specific RNAs
FIG. 3. Identification of transcripts encoded by the plus and minus
trands of cf RF DNA. (A and B) Total RNA from uninfected cells (lanes
) or from cells infected with cf for 4 h (lanes 2) was subjected to
orthern blot analysis with probes produced by in vitro transcription of
he PstI–PmlI fragment of cf DNA from the T3 promoter (A) or the T7
romoter (B) of plasmid pB-cf PPm. The positions of specific 0.4- and
.5-kb transcripts are indicated with an arrowhead (A) and arrow (B),
espectively. (C) Schematic representation of pB-cf PPm, a pBluescript-
erived plasmid containing the PstI–PmlI (Ps-pm) fragment of cf RF
NA that was used for in vitro synthesis of riboprobes. The restriction
nzyme sites marked with asterisk that were modified.anging in size from 0.4 to 2.3 kb. Characterization of ahese RNA species with respect to their genomic origins
nd nucleotide sequences indicated that four transcripts
verlap with each other and terminate at the same site.
hese transcripts terminate upstream of an efficient Rho-
ndependent transcription terminator that is located on
he downstream of gene VIII (Fig. 5). The transcriptional
echanism of cf thus resembles that of Ff phages, in that
ajor RNAs appear to be the products of promoter tran-
FIG. 4. Mapping of the 59 ends of two cf transcripts in the KpnI–NcoI
egion of RF DNA. Total RNA from cells infected with cf for 4 h (lanes
) or from uninfected cells (lanes 2) was subjected to primer extension
nalysis. The primer 59-CCGCGACGTGTAAGAGCA-39 located the 59
nd of the plus-strand RNA at G786 (A), whereas the primer 59-TGA-
AGAGAGGACAGTGAAAACTATA-39 located the 59 end of the minus-
trand transcript at C870 (B).
FIG. 5. Schematic representation of the cf transcripts and their
nitiating nucleotides. The genomic map of cf has been drawn, and the
enes (II, V, VIII) were published previously (Chen et al., 1996; Shieh et
l., 1995; Yang et al., 1995). The cf transcripts are labeled as in the
egend to Fig. 1. The transcripts shown with a number (1 or 2) are
etected two start sites by primer extension. The 59 ends of cf tran-
cripts are indicated as uppercase bold letters and marked with an
sterisk. The rho-independent termination is represented with a T.
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231TRANSCRIPTION OF cf DNA FROM PLUS AND MINUS STRANDScription and RNA processing (Blumer and Steege, 1989;
ashman and Webster 1979). This transcriptional ar-
angement appears well suited for providing the large
mounts of the gene V- and gene VIII-encoded proteins
hat are needed by the phage, and it has been referred to
s the “cascade” model (Edens et al., 1978) for the tran-
criptional amplification of gene products required in
arge quantities. One exception to this pattern of cf tran-
cription is the 0.5-kb mRNA that was shown to be
ranscribed from the minus strand of RF DNA. This tran-
cript is the first to be shown to be encoded by the minus
trand of a filamentous phage.
The genomes of the Ff (f1, fd, and M13) phages contain
0 genes (Beck and Zink, 1981), all of which are tran-
cribed from the plus strand of the phage RF DNA.
lthough the sizes and arrangement of the identified cf
enes are similar to those of the Ff phages (Beck and
ink, 1981), the cf genome, consisting of 7308 bp, is
lmost 1 kb larger than those of the Ff phages. This
ifference suggests the possibility that .10 genes par-
icipate in the life cycle of cf. A cf open reading frame of
95 bp (ORF 165) that encodes a putative 18.2-kDa pro-
ein has previously been shown to contribute to plaque
urbidity (Kuo et al., 1994; Shieh et al., 1991). In contrast to
he other cf genes, ORF 165 is transcribed from the
egative strand of RF DNA and is located immediately
ownstream of the mutation sites in cf-tv (Kuo et al.,
994). The cf mutant cf-tv is able to infect cf lysogens and
ause them to lose their immunity. DNA fragment sub-
titution studies showed that a KpnI–NcoI fragment of
90 bp is responsible for the determination of phage
mmunity. Transcription analysis of the KpnI–NcoI region
as now identified two RNAs that are transcribed from
his region in different directions and that overlap. The
ata thus suggest that the ORF 165 transcript, as well as
he other transcript produced from this region, is impor-
ant in the regulation of cf immunity.
The most well characterized immunity mechanism is
hat of lambdoid phage. The lambdoid system prevents
uperinfection by two stratagems: one based on a re-
T
Surrounding Sequences of
cf Transcripts 23
a TTTCTT
b1 CAAATT
b2 GTTGCA
c1 CAAAGG
c2 CTCGGC
d TGAGCA
e1 TTTCTT
e2 AGGATCressor that acts at the operator sites (Gussin et al., c983), and the other based on a termination factor that
ompetes with the antiterminator and prevents transcrip-
ional elongation (Oberto and Weisberg, 1989). Further
tudies on the role of the KpnI–NcoI fragment of cf DNA
n preventing superinfection, as well as on the possible
unction of the ORF 165 product as a repressor or a
ermination factor, are warranted.
MATERIALS AND METHODS
acteria and phage
Filamentous phage cf and its host, X. campestris pv.
itri, strain XW47, were preserved in our laboratory. The
acterial cells were grown in TSG (10 g of bacto-tryptone,
g of bacto-soytone, 5 g of NaCl, and 2 g glucose/liter)
roth at 28°C (Fann et al., 1989). Phage cf (Dai et al.,
980) was propagated in host bacteria, and phage titer
as determined by the double-layer agar method (Kuo et
l., 1987b). The phage was stored at 4°C until use.
NA manipulation
RF DNA was isolated from cf-infected host cells as
escribed previously (Kuo et al., 1987a). Restriction di-
estion, DNA fragment ligation, and plasmid transforma-
ion were also performed as described (Maniatis et al.,
982). All enzymes used for DNA manipulation were
btained from New England BioLabs.
reparation of RNA
Host cells were grown in TSG medium at 28°C to a
ensity of 5 3 108 cells/ml, after which phage cf was
dded at a multiplicity of infection of 10 PFU/ml. At
ppropriate times, 4-ml portions of the culture were re-
oved, and the bacteria therein were collected by cen-
rifugation at 6000g for 5 min at 4°C and resuspended in
ml of protoplasting buffer (15 mM Tris–HCl, pH 8.0, 0.45
sucrose, 8 mM EDTA). After the addition of 16 ml of
ysozyme (50 mg/ml), the cells were incubated on ice for
5 min, and the resulting protoplasts were separated by
Ends of the cf Transcripts
Surrounding Sequences of Start Sites
210 11
AGAGGACAGTGAAAACTATACATGCTCCCGTGCTTAGGC
AGCCGCATTGGTCGCTATCGCATATCGCGAGGTGCGTCG
GATTGCGCCAGCTCGAGTGCAGGGCGGCCCCCGCATTTA
GCACACATGGCATTGGTGGACTCGATACCGAATCCAAGC
AGCGGATATCCGCAAAGCAAAGGGCGGTTGGTTCGACAG
AAAGGTCCTGACCTGCACGCAATACAACGATTCAACGCA
AGAGGACAGTGAAAACTATACATGCTCCCGTGCTTAGGC
TGGATGCACGGTGTAGCCCCCTCCCCTGCCCCAAGACGCABLE 1
the 59
5
GACAG
GAGCA
TGGAT
CTTCC
GGGGA
ATGGC
GACAGentrifugation at 5900g for 5 min at 4°C. The pellet was
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232 WANG ET AL.esuspended in 0.5 ml of lysis buffer [10 mM Tris–HCl,
H 8.0, 10 mM NaCl, 1 mM sodium citrate, 1.5% (w/v)
DS], after which 15 ml of diethylpyrocarbonate was
dded, and the mixture was incubated at 37°C for 5 min.
fter the further addition of 0.25 ml of saturated NaCl, the
ixture was incubated on ice for 10 min and then cen-
rifuged at 12,000g for 10 min at 4°C. The resulting
upernatant was mixed with two volumes of ethanol and
ncubated at 220°C for 2–4 h (Ausubel et al., 1995), after
hich the RNA precipitate was separated, dissolved in
0 ml of diethylpyrocarbonate-treated water, and stored
t 270°C.
orthern blot analysis
RNA (20 mg) was fractionated on a 1.2% agarose–
ormaldehyde gel and transferred to a nylon membrane
DuPont). The membrane was then exposed for 24 h at
2°C to random-primed RF DNA probes prepared with a
egaprime DNA labeling system (Amersham). The hy-
ridization reaction was performed in hybridization buffer
53 Denhardt’s solution, 53 standard saline citrate, 0.5%
DS, 200 mg/ml denatured salmon sperm DNA) sup-
lemented with 50% formamide. The membrane was
hen washed for 15–30 min at 65°C in 0.13 standard
aline citrate containing 0.1% SDS and subjected to
utoradiography.
rimer extension
Primer extension was performed with 20 mg of total
NA from cf-infected or noninfected host cells and 20 ng
f primer oligomer. After the incubation of template and
rimer at 65°C for 10 min, the mixture was allowed to
ool slowly to 42°C; then, primer extension buffer, 50 U of
oloney murine leukemia virus reverse transcriptase
Stratagene), diluted sequencing labeling mix (U.S. Bio-
hemicals), and a-35S-labeled dATP (Amersham) were
dded to a final volume of 10 ml. The resulting mixture
as incubated for 10 min at 42°C and, after the addition
f 1 ml of 25 mM deoxynucleoside triphosphates, for an
dditional 1 h at the same temperature. An equal volume
f stop solution (80% formamide, 10 mM EDTA, 1 mg/ml
ylene cyanol FF, 1 mg/ml bromphenal blue) was then
dded to terminate the reaction.
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